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Description
FIELD
[0001] The presentdisclosure relates to methods and systems for determining alignment parameters of a radar sensor.
BACKGROUND

[0002] Radar-sensors, for example in automotive applications, need to be aligned with the chassis of a host-vehicle
so that the location of detected objects is accurately known. Alignment procedures performed when the host-vehicle is
assembled are not able to compensate for pitch or elevation errors caused by heavy cargo and yaw, azimuth or roll
errors caused by miss-alignment of the wheels or chassis of the host-vehicle which may cause 'crabbing’ or 'dog-tracking’
by the host-vehicle while traveling.

[0003] Accordingly, there is a need to provide for reliable determination of alignment parameters.

SUMMARY

[0004] The present disclosure provides a computer implemented method, a radar system, a computer system, a
vehicle, and a non-transitory computer readable medium according to the independent claims. Embodiments are given
in the subclaims, the description and the drawings.

[0005] In one aspect, the present disclosure is directed at a computer implemented method for determining alignment
parameters of a radar sensor, the method comprising the following steps performed (in other words: carried out) by
computer hardware components: determining measurement data using the radar sensor, the measurement data com-
prising a range-rate measurement, an azimuth measurement, and an elevation measurement; determining a velocity
(in other words: speed) of the radar sensor (for example using a velocity sensor or together with the misalignment
parameters); and determining the misalignment parameters based on the measurement data and the velocity, the
misalignment parameters comprising an azimuth misalignment, an elevation misalignment, and a roll misalignment.
[0006] It will be understood that determining a velocity of the radar sensor may either be carried out explicitly (for
example using a velocity sensor) or implicitly (for example by including the velocity into an optimization problem, as
described for the 2D case and for the 3D case herein).

[0007] According to various embodiments, misalignment parameters may be determined by comparing a velocity
determined by a velocity sensor (which may be independent from the radar sensor) and velocity information which is
determined based on radar measurement data.

[0008] The measurements data may be related to the radar sensor, for example to a radar sensor mounted on a
vehicle (for example at least partially autonomously driving vehicle, for example car), for example on the chassis of the
vehicle. The velocity sensor may be external to the radar sensor; for example, the velocity sensor may be the velocity
sensor of a vehicle, for example based on odometry measurements, gyroscope measurements, and/or acceleration
measurements.

[0009] According to another aspect, the misalignment parameters further comprise a speed-scaling error.

[0010] It has been found that provided a three-axial-auto-alignment with speed-scaling-error estimation improves the
detection quality of radar sensors.

[0011] According to another aspect, the computer implemented method further comprises the following step carried
out by the computer hardware components: determining system parameters, the system parameters comprising at least
one of a desired azimuth mounting angle, a desired elevation mounting angle, and a desired roll mounting angle; wherein
the misalignment parameters are determined further based on the system parameters.

[0012] The system parameters may be set by the manufacturer of the system (for example vehicle) on which the radar
sensor is provided. The system parameters may describe or define how the radar sensor is provided (for example
mounted) in the vehicle.

[0013] According to another aspect, the measurement data is related to a plurality of objects external to the radar
sensor. For example, measurement results related to at least three objects may be provided. For example, measurement
results related to at least four objects may be provided. For example, measurement results related to at least five objects
may be provided. The number of objects may be chosen so that the system for determining the misalignment parameters
is at least not under-determined, for example so that the system is over-determined (i.e. more measurement results may
be available than unknown misalignment parameters are to be determined; this may allow for implicit correction of
measurement inaccuracies or measurement errors, for example by using regression methods to determine the misalign-
ment parameters).

[0014] The objects may be provided outside a vehicle in which the radar sensor is provided.

[0015] According to another aspect, the plurality of objects are stationary. Thus, it may be considered known that the
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velocity determined by the velocity sensor is identical to the (relative) velocity of the stationary objects (relative to the
radar sensor). This may be used for determining the misalignment parameters by determining the misalignment param-
eters so that the velocity determined based on the radar measurements is in agreement with the velocity determined by
the velocity sensor (for example so that the difference between the velocity determined based on the radar measurements
is in agreement with the velocity determined by the velocity sensor is minimized).

[0016] According to another aspect, the misalignment parameters are determined based on an iterative method.
[0017] A closed-form solution to the determination of the misalignment parameters may not be available, or may be
numerically instable. An iterative method may be used, starting from an initial estimate (or guess), for example with all
misalignment parameters set to a default value (for example 0). The estimate values may be iteratively updated. The
misalignment parameters may already be of reasonable accuracy after one iteration. Depending on the resources like
time and computational power, more than one iteration may be performed. The iterations may continue until a pre-
determined stop criterion is reached, for example a maximum time available for the determination of the misalignment
parameters, or a pre-determined accuracy of the misalignment parameters (which may for example be determined based
on how much (for example absolutely or relatively) the estimates for the misalignment parameters change from one
iteration to the next iteration).

[0018] According to another aspect, the misalignment parameters are determined based on an optimization method.
[0019] The optimization method may optimize the misalignment parameters so that the difference between the velocity
measured by the velocity sensor and the velocity which is determined based on the measurement data is minimized.
The optimization method may determine the misalignment parameters from an overdetermined system (wherein more
measurements, for example related to a plurality of objects, are available than would be required for a closed form
determination of the misalignment parameters). The optimization method may use the Jacobian matrix, including partial
derivatives of the modeled output with respect to the misalignment parameters.

[0020] According to another aspect, the misalignment parameters are determined based on a non-linear least squares
regression method. According to another aspect, the misalignment parameters are determined based on an non-linear
total least squares regression method.

[0021] According to another aspect, the misalignment parameters are determined based on filtering. For example, the
misalignment parameters that have been determined based on the optimization or regression method may be subject
to filtering, for example Kalman filtering, to further improve the misalignment parameters.

[0022] According to another aspect, the measurement data are determined using a plurality of radar sensors (which
may include the radar sensor and at least one further radar sensor).

[0023] According to another aspect, the velocity of the radar sensor and the misalignment parameters are determined
simultaneously by solving an optimization problem.

[0024] With the method according to various embodiments, the overall performance of the alignment may be improved,
which may have a positive impact on the performance of further radar processing.

[0025] In another aspect, the present disclosure is directed at a computer implemented method for determining cor-
rected measurement data, the method comprising the following steps carried out by computer hardware components:
determining measurement data using a radar sensor; correcting the measurement data to obtain the corrected meas-
urement data based on misalignment parameters determined according to the computer-implemented method described
herein.

[0026] With the corrected measurement data, improved detection results may be achieved.

[0027] Based on the misalignment parameters, the control of the radar sensor (for example the area in which the radar
sensor is to determine measurements) may be adjusted (for example to the desired area or desired field of view).
[0028] In another aspect, the present disclosure is directed at a computer system, said computer system comprising
a plurality of computer hardware components configured to carry out several or all steps of the computer implemented
method described herein. The computer system can be part of a vehicle.

[0029] The computer system may comprise a plurality of computer hardware components (for example a processor,
for example processing unit or processing network, at least one memory, for example memory unit or memory network,
and at least one non-transitory data storage). It will be understood that further computer hardware components may be
provided and used for carrying out steps of the computer implemented method in the computer system. The non-transitory
data storage and/or the memory unit may comprise a computer program for instructing the computer to perform several
or all steps or aspects of the computer implemented method described herein, for example using the processing unit
and the at least one memory unit.

[0030] In another aspect, the present disclosure is directed at a radar system comprising a radar sensor for which the
misalignment parameters are determined according to the computer implemented method described herein.

[0031] In another aspect, the present disclosure is directed at a vehicle comprising the radar system described herein.
[0032] In another aspect, the present disclosure is directed at a non-transitory computer readable medium comprising
instructions for carrying out several or all steps or aspects of the computer implemented method described herein. The
computer readable medium may be configured as: an optical medium, such as a compact disc (CD) or a digital versatile
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disk (DVD); a magnetic medium, such as a hard disk drive (HDD); a solid state drive (SSD); a read only memory (ROM),
such as a flash memory; or the like. Furthermore, the computer readable medium may be configured as a data storage
that is accessible via a data connection, such as an internet connection. The computer readable medium may, for
example, be an online data repository or a cloud storage.
[0033] The present disclosure is also directed at a computer program for instructing a computer to perform several or
all steps or aspects of the computer implemented method described herein.
DRAWINGS

[0034] Exemplary embodiments and functions of the present disclosure are described herein in conjunction with the
following drawings, showing schematically:

Fig. 1A anillustration of a radar field-of-view when misaligned in azimuth and elevation;
Fig. 1B anillustration of a three-dimensional misalignment in azimuth, elevation, and roll;

Fig. 2 a flow diagram illustrating an overview of methods for determining alignment parameters according to various
embodiments;

Fig. 3 an illustration of a radar field-of-view after introduction of roll misalignment;

Fig. 4 an illustration of a radar field-of-view and a compensated field-of-view according to various embodiments;
Fig. 5 a diagram illustrating azimuth alignment error distribution according to various embodiments;

Fig. 6 a diagram illustrating elevation alignment error distribution according to various embodiments;

Fig. 7 a diagram illustrating roll alignment error distribution according to various embodiments;

Fig. 8 a flow diagram illustrating a method for determining alignment parameters of a radar sensor according to
various embodiments;

Fig. 9 an alignment parameter estimation system according to various embodiments; and
Fig. 10  a computer system with a plurality of computer hardware components configured to carry out steps of a
computer implemented method for determining alignment parameters of a radar sensor according to various
embodiments;
Fig. 11 an illustration of the vehicle coordinate system location;
Fig. 12  anillustration of a sensor coordinate system with relation to the vehicle coordinate system (VCS); and
Fig. 13  anillustration of detection definition in the sensor coordinate systems.
DETAILED DESCRIPTION
[0035] Radar alignment is a process of determining the angular misalignment of radar facing direction. Correction of
those mounting errors may be crucial for proper operation of radar based tracking methods and most of the feature
functions that operate on detections or tracked objects provided by a radar sensor. Two main classes of methods/ap-
proaches aimed at solving misalignment problem are:
1) static alignment methods, which may also be called factory alignment, due to the reason that they require spe-
cialized equipment to perform the calibration process; most commonly used static methods use corner reflectors,
Doppler generators, or steel plates;
2) dynamic alignment methods, which may also be called auto-alignment since they may not require any external

(additional) equipment (devices) for the process. The radar sensoris correcting its facing angles based on observation
of the environment while the car is moving (i.e. driving).
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[0036] Fig. 1A and Fig. 1B shows illustrations 100 and 150 of misalignment and radar field-of-view relationship.
[0037] Fig. 1A shows an illustration 100 of a radar field-of-view 110 when misaligned in azimuth (along a horizontal
line 102) and elevation (along a vertical split line 104 at the front of the vehicle, which corresponds to 0 deg). The ideal
(or desired or assumed) facing angle 106 is different from the real (or actual) facing angle 108, so that a misalignment
112 is present.

[0038] Fig. 1B shows an illustration 150 of a three-dimensional misalignment in azimuth (), elevation (), and roll (y).
Coordinates axis are illustrated in the vehicle coordinate system (VCS), i.e. Xvcs 152, Yvcs 154, and Zvcs 156. The
ground plane 158 is illustrated. The radar sensor may be mounted above ground plane 158 at the origin of the vehicle
coordinate system. The desired boresight direction for perfect alignment would coincide with Xvcs 152. However, the
actual boresight direction 160 is different from Xvcs 152 due to the misalignment, and the difference between the actual
boresight direction 160 and Xvcs 152 may be described by the three-dimensional misalignment in azimuth («), elevation
(P), and roll (). Due to the misalignment, the desired FOV 162 (field of view) may be different from the actual FOV 164.
However, the desired FOV 162 may be obtained by correction based on misalignment parameters based on the actual
FOV 164.

[0039] To calculate the misalignment in case of a misalignment in azimuth and elevation (disregarding a possible
misalignment in roll), the range rate equation of stationary detections may be used. It may be derived from the projection
of the negative vehicle velocity vector to the vector of distance, which forms the equation below:

7= =V cos aycs cos fycs — Vy sinaycs cos fycs — Vzsinfycs (1)
where:

» ris the range rate (Doppler velocity of stationary detection);

* Vyisthelongitudinal velocity of the vehicle (which may be a vector facing forward from vehicle, parallel to the ground
plane; Vx may be the length of that vector);

* Vyisthe lateral velocity of the vehicle (which may be a vector facing left side of vehicle, parallel to the ground plane;
Vy may be the length of that vector);

» V7is the vertical velocity of the vehicle (which may be a vector facing ground, perpendicular to the ground plane;
Vz may be the length of that vector);

*  aycgis the azimuth measurement of detection aligned to vehicle coordinate system (wherein the 0 [deg] angle may
be defined as facing the same direction as the front of the vehicle on which the radar sensor is mounted); and

*  Bycsis the elevation measurement of detection aligned to vehicle coordinate system.

[0040] VCS aligned measurement angles may be decomposed into sensor mounting angles, sensor detection meas-
urement angles as well as sensor mounting misalignment angles:

Qycs = Ascs + A+ Ay 2)

Bves = Bses + B + Bu 3)

where:

*  agces is the azimuth measurement of detection in sensor coordinate system (SCS),
* oagis the desired azimuth mounting angle;

* oy is the desired azimuth misalignment;

*  fBscsis the elevation measurement of detection in sensor coordinate system;

* pgis the desired elevation mounting angle; and

*  pyis the elevation misalignment.

[0041] Further expanding the equation with speed correction factor V. (which may also be referred to as (vehicle)
speed-scaling-error or speed compensation factor) leads to:

= Vam @)
1+ v,
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v, = Yrm (5)
14 Ve

= Yzm 6

Ve = 14V, ©)

where:

*  Vy,,is the measured longitudinal velocity of vehicle;

* Vy,,is the measured lateral velocity of vehicle;

* V3, is the measured vertical velocity of the vehicle; and
* V,is the speed-scaling-error.

[0042] An equation may be created which may be used to find unknown parameters (B), based on measurements
(X), known constants (C) and equation result (Y) as follows:

f(Clag, Be} X{ascs, Bscs: Vims Vym Vemb Blam, B, Ve}) = Y{i} (7)

[0043] Various methods, such as iterative non-linear least squares regression or error-in-variables methods, may be
used to determine the unknown parameters. The parameters found by these methods may then further be refined by
filtering in time methods such as Kalman filter.

[0044] Fig. 2 shows a flow diagram 200 illustrating an overview of methods for determining alignment parameters
according to various embodiments (either not taking into account a misalignment in roll angle, or taking into account a
misalignment in roll angle, like will be described in more detail below). At 202, data acquisition may be carried out, which
may include stationary detections, vehicle velocities, and radar information. At 204, regression may be carried out, for
example including estimation of azimuth misalignment, estimation of elevation misalignment, estimation of roll misalign-
ment (as will be described in more detail below), and estimation of speed-scaling error. At 2086, filtering (for example
using a Kalman filter) may be provided.

[0045] Significant roll misalignment angle of the sensor (desired sensor roll is usually zero) can greatly impact the
azimuth and elevation measurements, because it reduces radar field of view as shown below.

[0046] Roll angle misalignment may influence the azimuth-elevation misalignment calculation itself.

[0047] Fig. 3 shows an illustration 300 of a radar field-of-view after introduction of roll misalignment, similar to what is
shown in Fig. 1A (wherein in Fig. 1A no roll misalignment is illustrated). lllustration 302 in the left portion of Fig. 3 shows
an illustration from the ground perspective, and illustration 304 in the right portion of Fig. 3 shows an illustration from
the sensor perspective.

[0048] As can be seen from Fig. 3, if the roll misalignment would not be taken into account, the azimuth misalignment
may be taken as 0 (zero) or close to 0, and the elevation misalignment may be estimated to be greater than the correct
value of the elevation misalignment, due to the fact that the ideal facing angle is exactly below the reported facing angle
as seen by the radar sensor. This may result in finding wrong misalignment parameters, for example zero azimuth
misalignment and too high elevation misalignment value.

[0049] The impact of the roll angle misalignment may be almost unobservable for small angles (for example less than
1 [deg]), and may be growing exponentially with the roll, introducing highest error at the corners of field-of-view. At a 30
[deg] radar roll (i.e. a misalignment of the radar sensor in roll angle of 30 deg), as is illustrated in Fig. 3 and Fig. 4, the
error is reducing the field of view of radar by half (the sensor may observe ground in near vicinity of front of the vehicle,
and the sky above on the opposite side of FOV; however, both the ground and the sky regions are irrelevant from the
active safety methods perspective). At the same time, a significant part of important information about objects located
approximately 0.5 m above the ground is missed. Furthermore, an undetected roll angle misalignment may make the
azimuth and elevation misalignment angles unreliable. For example, an object at 60 deg azimuth and 5 deg elevation
under influence of 5 deg sensor roll misalignment will be reported at azimuth 60.20 deg and -0.2484 deg elevation.
[0050] The radar roll angle misalignment may be determined by extending the range rate equation, which makes
estimation of the roll angle possible. The equation may further improve estimation of yaw and pitch angle misalignments.
After the estimation of 3 angle misalignments (yaw, pitch, roll) the measured detections may be corrected to represent
detections in vehicle coordinate system or in extreme misalignment the estimated value may trigger an alert which will
stop the execution of further radar functions.

[0051] The range rate equation (1) may be used together with equations (2) and (3), which may be extended with the
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roll angle influence, what leads to following equations:

where:

Ayes = Ascs' + ap + Ay 8)
Pvcs = Pscs'+ Bs + Pu (9)
Agcs = Ases COS(Ym + V) — Pscs Sin(yu + V) (10)
Bscs = @scssin(yu + Vi) + Pscs cos(ym + vi) (17)

*  d'gcgis the azimuth measurement corrected by roll misalignment in sensor coordinate system,;
*  ['scsis the elevation measurement corrected by roll misalignment in sensor coordinate system;
*  yyis the roll misalignment; and

*  ygis the roll ideal mounting position (which may usually be 0 deg or 180 deg).

[0052] Therefore, o’gcg and f'scg may be visualized as detections with the same distance from radar center of view
(0, 0), but rotated (aligned) w.r.t. horizon line (assuming desired roll mounting angle of 0 [deg]), forming a 'compensated
field of view’ as shown on Fig. 4.

[0053]

Fig. 4 shows an illustration 400 of a radar field-of-view 110 and a compensated field-of-view 402 according to

various embodiments. Various portions of Fig. 4 are similar or identical to portions of Fig. 1A, so that the same reference
sighs may be used and duplicate description may be omitted.

[0054] After substitution ofeqns. (8) and (9) (& and S'g¢g) to eqns. (2) (3) for agcgand Bscg, respectively, the following
equations may be obtained:

[0055]

[0056]

[0057]

Aycs = Ascs COS(Yy + V) — Pses Sin(yy + vp) + ap+ ay (12)

Bves = scs Sin(yy + Yg) + Pscs cos(yy + vp) + P+ Pu (13)

This change modifies the general model in equation (7) to:

f(Clag, B, Y8} X{ascs: Bscs: Vims Vems Vemd B{awm, Bus Y, Ve}) = Y7} (14)

The general form of this model can be derived from range rate equation (1)

V -
1:“}/’; cos(ascs cos(yy + vg) — Pscs sin(yy + vg) + ag +ay) -

gos(ascs sin(yy + ¥g) + Bscscos(ym + ve) + Bs+ Bu) —
1+Y:,nc sin(ascs cos(yy + ¥p) — Bscs sSin(ymy + v) + ag+ay) - (15)
cos(ascs Sin(yy + ¥g) + Pscscos(ym + ve) + Bs+ Bu) —

Vzm . .
1+Z_Vcsm(ascs sin(yy + vg) + Bscscos(ym + vg) + Bs+ Bu)

T=-

Eq. (13) can be simplified with the assumption of the vehicle moving only in forward direction (Vy,, and Vz,,

equal to 0) and elevation and roll desired mounting angles 0 [deg], to get the following form:
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Vxm

v cos(QscsCOSYy — Pscs Sinyy + ag + ay) - cos(Qscs sinyy + (16)

Bscscosyy + Bu)

F=—

[0058] Equation (16) may be used to compose (create) a overdetermined system of equations which can be solved
by various methods to find parameters ofinteresti.e. misalignment angles and speed compensation factor. In an example,
equation (14) may be used as a model for non-linear least square regression. For example, the model may be iterative,
which means that the method will iterate over the same dataset containing data from one time instance to converge to
the solution of non-linear equation in multiple steps defined by linearization of the model around its operating point:

JT-DAB=]T-AY (17)

[00569] The matrix equation (17) can be transformed to:

AB= (JT-P7L-JT-AY (18)
where:

* ABis the update of parameters value in a single iteration (single step in a solution space);
e Jarethe partial derivatives of model function over the parameters (which may be referred to as Jacobian matrix); and
e AYis the difference between the measured output of the system and model output:

fl_fl
AY =| i 19
— (19)

[0060] The Jacobian matrix may take the following form:

ofi Ofi Ofi Ofi
6VC 6C(M 6/?1\/1 a]/M
J=1: : : : (20)
o Ofn O O
6VC aaM a‘BM a}’M

where:

i _ Vxm
1A (14V,)?

i i )
CoS( UscsCOSYM — Pscs Sinyy + ag + ay)

| | 1)

cos(ascs sinyy + Bscs cosyy + Pu)
afi Vxm _. j 1 .
Frwie ﬁsm(a}cscosyM — Bicgsinyy + ag + txM) :
cos(aes Sin vy + Bécs cosyy + Bu) (22)
ofi _ Vxm i i o )
3y 1V, cos(@scsCoSYm — Pscs Sinym + ap + ay)

M [4 (23)

sin(akes sinyy + Bics cosyy + Bu)
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ofi _ Vxm

i i :
e = 1oy C0S(AscsCOSYM — Bscs sinyy + ap + ay)
Ym +Ve

sin(ales sinyy + Bécs cosyy + Bu) * (abescosyy — Bics sinyy) —

v . . . . i .
—t sin(ascscosym — Pscs sinyy + ap + an) - cos(atics sinyy + (24)
c

Bécs cosyy + PBu) * (@hessinyy + Bécs cosyy)

[0061] The non-linearregression model described by equations (18) to (24) may be solved after assuming initial values
of parameters:

form=0

o OO

0
Vc m—1
Ay m-1
BM m—1
YMm-1

(25)

form>1

where m is the number of successful alignment cycles (radar cycles). In other words, a misalignment of 0 in the azimuth,
elevation and roll angles and in the speed-correction factor may be assumed as the starting point for the first iteration,
and the results of the previous iteration may be used as starting point for the next iteration.

[0062] Therefore, equation (26) may update model parameter values with values at i-th iteration:

Bi = Bi—l + ABl (26)

[0063] B; may converge to real speed-scaling-error and misalignment angles at infinite number of iterations (or as
iteration number approaches infinity):

Ve

. Ay

lim B; =

iso ! lﬁm‘ 27)
Ym

[0064] The method according to various embodiments provides alignment parameters also for the roll axis, which
accurately describes the physical model.

[0065] Fig. 5, Fig. 6 and Fig. 7 illustrate the performance of methods according to various embodiments over simulated
data for random (nonzero) misalignments of all mounting angles i.e. azimuth, elevation and roll. The following simulation
parameters were used:

e number of test cases (samples): 500 000 (same inputs for each method);

* misalignments (azimuth, elevation and roll): pseudorandom values drawn from uniform distribution on interval [-5:5]
deg;

e azimuth boresight pseudorandom value drawn from uniform distribution on interval [-180; 180] deg;

* vehicle moving in a straight line (Xvcs direction);

e minimum vehicle speed: 11 m/s;

* number of detections: 64;

e azimuth Gaussian zero mean noise: Standard deviation 0.3 deg;

e elevation Gaussian zero mean noise: Standard deviation 1 deg ;

* range rate Gaussian zero mean noise: Standard deviation 0.03 m/s;

* vehicle velocity Gaussian zero mean noise in 3-axis : Standard deviation 0.2 m/s.
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[0066] The result of only a single iteration (first iteration) of each of compared method is shown in each of Fig. 5, Fig.
6, and Fig. 7. NL-LS in the method name may stand for non-linear least squares regression used to find the solution,
and NL-TLS may stand for non-linear total least squares regression. A 2-axial alignment with no roll estimation is shown
for comparison purposes.

[0067] Fig. 5 shows a diagram 500 illustrating azimuth alignment error distribution according to various embodiments.
The deviation angle is illustrated over a horizontal axis 502. The numbers of samples is illustrated over a vertical axis
504. The results for a 2 axial alignment are illustrated by curve 506. The results for a 3 axial alignment NL-LS method
according to various embodiments are illustrated by curve 508. The results for a 3 axial alignment NL-TLS method
according to various embodiments are illustrated by curve 510.

[0068] Fig. 6 shows a diagram 600 illustrating elevation alignment error distribution according to various embodiments.
The deviation angle is illustrated over a horizontal axis 602. The numbers of samples is illustrated over a vertical axis
604. The results for a 2 axial alignment are illustrated by curve 606. The results for a 3 axial alignment NL-LS method
according to various embodiments are illustrated by curve 608. The results for a 3 axial alignment NL-TLS method
according to various embodiments are illustrated by curve 610.

[0069] Fig. 7 shows a diagram 700 illustrating roll alignment error distribution according to various embodiments. The
deviation angle is illustrated over a horizontal axis 702. The numbers of samples is illustrated over a vertical axis 704.
The results for a 3 axial alignment NL-LS method according to various embodiments are illustrated by curve 706. The
results for a 3 axial alignment NL-TLS method according to various embodiments are illustrated by curve 708.

[0070] As shown in Fig. 5 and Fig. 6, even one-time-instance-based (non-iterative) results are much better in case of
azimuth and elevation misalignment estimation with 3-axial alignment compared to a 2-axial alignment.

[0071] Fig. 7 shows the error distribution of roll angle alignment, in this case 2 axial alignment is not available as it
doesn’t return the roll angle estimation.

[0072] Fig. 8 shows a flow diagram 800 illustrating a method for determining alignment parameters of a radar sensor
according to various embodiments. At 802, measurement data may be determined using the radar sensor, wherein the
measurement data may include a range-rate measurement, an azimuth measurement, and an elevation measurement.
At 804, a velocity of the radar sensor may be determined . At 806, the misalignment parameters may be determined
based on the measurement data and the velocity, wherein the misalignment parameters may include an azimuth mis-
alignment, an elevation misalignment, and a roll misalignment.

[0073] According to various embodiments, the misalignment parameters may further include a speed-scaling error.
[0074] According to various embodiments, system parameters may be determined, wherein the system parameters
may include at least one of a desired azimuth mounting angle, a desired elevation mounting angle, and a desired roll
mounting angle. The misalignment parameters may be determined further based on the system parameters.

[0075] According to various embodiments, the measurement data may be related to a plurality of objects external to
the radar sensor.

[0076] According to various embodiments, the plurality of objects may be stationary.

[0077] According to various embodiments, the misalignment parameters may be determined based on an iterative
method.

[0078] According to various embodiments, the misalignment parameters may be determined based on an optimization
method.

[0079] According to various embodiments, the misalignment parameters may be determined based on a non-linear
least squares regression method.

[0080] According to various embodiments, the misalignment parameters may be determined based on an non-linear
total least squares regression method.

[0081] According to various embodiments, the misalignment parameters may be determined based on filtering.
[0082] According to various embodiments, the measurementdata may be determined using a plurality of radar sensors.
[0083] According to various embodiments, the velocity of the radar sensor and the misalignment parameters may be
determined simultaneously by solving an optimization problem.

[0084] Each ofthe steps 802, 804, 806 and the further steps described above may be performed by computer hardware
components.

[0085] Fig. 9 shows an alignment parameter estimation system 900 according to various embodiments. The alignment
parameter estimation system 900 may include a measurement data determination circuit 902, a velocity determination
circuit 904, and a misalignment parameters determination circuit 906.

[0086] The measurement data determination circuit 902 may be configured to determine measurement data using a
radar sensor, the measurement data comprising a range-rate measurement, an azimuth measurement, and an elevation
measurement. The radar sensor may be a part of the measurement data determination circuit 902, or may be provided
external to the measurement data determination circuit 902.

[0087] The velocity determination circuit 904 may be configured to determine a velocity of the radar sensor. The
velocity sensor may be a part of the velocity determination circuit 904, or may be provided external to the velocity
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determination circuit 904.

[0088] The misalignment parameters determination circuit 906 may be configured to determine misalignment param-
eters of the radar sensor based on the measurement data and the velocity, the misalignment parameters comprising
an azimuth misalignment, an elevation misalignment, and a roll misalignment

[0089] The measurement data determination circuit 902, the velocity determination circuit 904, and the misalignment
parameters determination circuit 906 may be coupled with each other, e.g. via an electrical connection 908, such as
e.g. a cable or a computer bus or via any other suitable electrical connection to exchange electrical signals.

[0090] A "circuit" may be understood as any kind of a logic implementing entity, which may be special purpose circuitry
or a processor executing a program stored in a memory, firmware, or any combination thereof.

[0091] Fig. 10 shows a computer system 1000 with a plurality of computer hardware components configured to carry
out steps of a computer implemented method for determining alignment parameters of a radar sensor according to
various embodiments. The computer system 1000 may include a processor 1002, a memory 1004, and a non-transitory
data storage 1006. A radar sensor 1008 and/or a velocity sensor 1010 may be provided as part of the computer system
1000 (like illustrated in Fig. 10), or may be provided external to the computer system 1000.

[0092] The processor 1002 may carry out instructions provided in the memory 1004. The non-transitory data storage
1006 may store a computer program, including the instructions that may be transferred to the memory 1004 and then
executed by the processor 1002. The radar sensor 1008 may be used for determining measurement data as described
above. The velocity sensor 1010 may be used to determine the velocity as described above.

[0093] The processor 1002, the memory 1004, and the non-transitory data storage 1006 may be coupled with each
other, e.g. via an electrical connection 1012, such as e.g. a cable or a computer bus or via any other suitable electrical
connection to exchange electrical signals. The radar sensor 1008 and/or the velocity sensor 1010 may be coupled to
the computer system 1000, for example via an external interface, or may be provided as parts of the computer system
(in other words: internal to the computer system, for example coupled via the electrical connection 1012).

[0094] The terms "coupling" or "connection" are intended to include a direct "coupling" (for example via a physical link)
ordirect "connection" as well as an indirect "coupling" or indirect "connection” (for example via a logical link), respectively.
[0095] It will be understood that what has been described for one of the methods above may analogously hold true
for the alignment parameter estimation system 900 and/or for the computer system 1000.

[0096] In the following, further embodiments will be described. These embodiments may provide simultaneous esti-
mation of host vehicle velocity and radar misalignment based on multiple Doppler radars detections.

[0097] As used herein, various coordinate systems may be used.

[0098] An ISO - earth fixed coordinate system may be based on an axis system which remains fixed in the inertial
reference frame. The origin of this coordinate system may be fixed on the ground plane. The position and orientation
may be chosen in an arbitrary manner (for example based on the desired application). The naming in ISO standard for
the system may be (xE; yE; zE).

[0099] A further coordinate system may be the vehicle coordinate system.

[0100] Fig. 11 shows an illustration 1100 of the vehicle coordinate system location. The vehicle coordinate system
may include a right hand sided axis trio: (XV; YV; ZV). The values in coordinate system may be denoted as (xV; yV;
zV). The vehicle coordinate system may be in the center of the rear axle for a vehicle in a steady state. The coordinate
system may remain fixed to the vehicle sprung weight meaning that during motion or on inclinations it may not be aligned
with the rear axle. The location of the VCS on the vehicle body at rest with respect to vehicle dimensions may be as
presented in Fig. 11, where in a side view in the top portion of Fig. 11, the host vehicle 1102 at rest is shown on a ground
plane 1104, with rear overhang 1106 and a distance 1108 between rear axle and front bumper. At top view of shown in
the bottom portion of Fig. 11, with the sprung weight centerline 1110 indicated. The axis (XV; YV, ZV) are also shown
in Fig. 11.

[0101] A further coordinate system may be the sensor coordinate system.

[0102] Sensors like LIDARs and radars report detections in the polar coordinate system. Each detection may be
described by the trio of: range; azimuth; elevation.

[0103] Fig. 12 shows an illustration 1200 of a sensor coordinate system with relation to the vehicle coordinate system
(VCS). The origin of the sensor coordinate system may be defined in respect to the VCS by translation 1202 and rotation
1204.

[0104] Fig. 13 shows an illustration 1300 of detection definition in the sensor coordinate systems. The sensor origin
1302, the X axis 1304, Y axis 1306, and Z axis 1308 are shown. Detection azimuth 1310 may be defined as an angle
between the X axis 1304 and the projection 1318 of the line connecting the origin 1302 and the detection 1316 on the
(X;Y) plane. Detection elevation 1312 may be defined as an angle between the (X; Z) plane and the line 1318 connecting
the origin and the detection 1316. Detection range 1314 may be defined as the cartesian distance between the sensor
origin 1302 and the detection 1316.

[0105] Every radar scan may produce a set of (radar) detections, where each of the detections may have following
properties:
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* range (which may be the distance from sensor origin to detection, as illustrated in Fig. 13);
* range rate (which may be the radial velocity of detection; in other words: the temporal derivative of the range);
» azimuth (for example as shown in Fig. 13); and
* elevation (for example as shown in Fig. 13).

[0106] Target planar motion may be described by:
Vt — [wt xt yt]T
[0107] The range rate equation for a single raw detection from target may given as:
1+ vg cos 0" + v5 sin @' = vf cos ' + v sin 6
where:

» - i-th detection range rate,

* & -i-th detection azimuth.
[0108] To simplify the notation, the notion of a compensated range rate may be introduced and defined as:
Tomp = 11+ v§ cos 8" + v} sin 6°
[0109] Then range rate equation may be reduced to:
Fimp = Vi cOs 0" +v) sin 6

[0110] In vector form, it may be described as follows:
t
. i . 1| Vx
Temp = [cos 8% sin 6‘][ tl
Uy

t t
[0111] Coefficients ~* and ~Y may be called velocity profile.
[0112] The velocity profile may be successfully estimated if at least 2 detections from one target object are available.
This estimation can be done by application of least squares method or method presented in US 2019/0369228. Both
methods may provide an estimation of velocity profile and its covariance matrix:

2
0% O717%
/‘f /-f Vy vay
v_x; Vy; O-VP = 2
O7%7F g -5
vxvy vy

[0113] The Gauss-Newton optimization method may be used for minimization of a function in quadratic form:

Q(w = f(W"f(w)

[0114] The Gauss-Newton optimization method may include the following steps:
_orw
1. The point u9, function f{x) and its Jacobian matrix ou may be given initially. Set/= 0.
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2. Sety=1.
3. Compute:

. . . T . \—1 . .
+1 T
p =y () @) T
i — i
» Y=y
4.1f Q(u*1) > Qu), set 2" and repeat from 3.
5. Terminate if stop criteria reached.
6. Otherwise seti =i+ 1 and repeat from 2.

[0115] According to various embodiments, devices and methods may be provided for simultaneous estimation of
vehicle velocity and radars misalignment angles. Such an approach may not be possible for a single radar, because
only by having multiple radars, the measurement from one sensor may be corrected based on other sensors measure-
ments.

[0116] In the following, the method for the 2D (two-dimensional) case will be described.

[0117] Range rate equation in the 2D case may have the following form:

”
’,

. : . Vs
—7 = v cosf + vy sinf = [cosH sin 6] [USCS]
s,y

where:

*  rmay be the range rate of detection,

* @ may be the azimuth of detection,
[ scs SCS1T

1% 1%
5.x sy may be the sensor velocity reported in Sensor Coordinate System (SCS).

[0118] If a is sensor yaw angle, then the detection range rate may be a function of sensor velocity in the Vehicle
Coordinate System (VCS) and may have the following form:

cosa  sinal[Vsx Usx
. . S, X . S, X
-r = [COS 0 sin 9] [ . ] [ vcs] == [COS(G + a) Sln(g + a)] [ vCs
—sina cosal lvgy Vsy
where
[vUCS vUCS T
Sx $:¥ 1 may be the sensor velocity reported in Vehicle Coordinate System (VCS), and

» the sensor yaw angle o may be the sum of the calibration angle o and the misalignment angle «,,:

a=a + U
[0119] The sensor velocity may be also presented as function of host velocity in VCS:
VCS — 4,VCS

Vsy =Upy — wAy

WY = vhy + whx
where

[vvcs vvcs]T

. hx hy may be the host velocity reported in Vehicle Coordinate System (VCS),

*  ® may be the host yaw rate,
* AX, Ay may be the position of radar in VCS.
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[0120] Based on those equation range rate equation may be written as:

VCS (L)Ay
—1 = [cos(ay + a, + 0) sin(ay + ay, +0)] [ l

ves 4 wlAx

[0121] Taking into account all static detections from all radars may provide the following system of equations:

el cos(ag + ak, + 07) [vi — wAy] + sin(ag + ak + 61)[vhS + wAx]
—7 cos(ad + at, + 03) [v”cs - wAy] + sin(ag + an, + 03)[vpS + wAx]
~fy, | =| cos(ag + ak + Ox,) [v”cs - wAy] + sin(ag + af, + BNl)[v”cs + wAx]
—7f cos(al + a?, + 02) [vps — wAy] +sin(ag + an, + 07)[vhS + wAx]
M
L"TNd | cos(adf + aM + 6x",) [v"cs - wAy] + sin(ad! + a¥ + BNM)[v"CS + wAx]]

[0122] In short, this may be written as:

—T = h(p)

vCSA
vh X

ves
vh,x

W
i

e
[l

M
where - A
[0123] Based on this, the vector p of host velocity and radar alignments may be found by optimization of the following
function:

f(p) = h(p) +7

[0124] This optimization may be done by the Gauss-Newton method as described above, where the Jacobian matrix
has the following form:

45

50

55

where:
i@ _

ov ‘UCS

J(p) =

os(oz0 + am + Gk),

[ 0hi(P)

14

0h1(P) |

M
da)

dhiy, (P)

daM
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P _ kL kgl

s sin(a¥ + ak +6}),

dhi(p)
0w

ank(p) _
aa%

= sin(af + ak +6L) Ax — cos(af + ak, +6}) Ay,

—sin(a§ + af, + 6;) [VES — wAy] + cos(af + af, + 64) [vpSs +
0Ax], otherwise
k(@) _

dag,

[0125] Based on this Jacobian matrix, the Hessian matrix may be approximated in the following form:

Hyo o Hiuss
J@)T](p) = ’
* e H(M+3)(M+3)
M ( Nk ! !
_Z Z[Ohkahk
k=1 \1=1 9p: 9p;

where:
[0126] Moreover, for the optimization method, the matrix

J@E) (7 +h(p))

may be needed, and it may be calculated as:

| & R
Z zla_(rk+hk)l
k=11\1=1
J7f(F+ h(p)) = s
M { Nk Ohf‘, , l
> e

[0127] In the following, the 3D case will be described.
[0128] In the 3D case, the range rate equation may have the following form:

—7 = cos 0 sin @ v + sin 6 cos @ Vi’ — sin @ v57°

scs
Vs x

= [cos@sing sinfcosg —sing]|vs5

scs
Vs 7

where:
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[ SCs SCS SCS1T

1% 1% v
S:x sy sz may be the sensor velocity in Sensor Coordinate System (SCS),

* @ may be the azimuth of detection,
* @ may be the elevation of detection.

[0129] In this case, radar orientation may be assumed to be in 3D, so it may have yaw, pitch and roll angle:
ar

a=|%
Ay

[0130] Also, in this case real orientation may be the sum of calibrated orientation and misalignment:

“o,r am,r
a=0ay+ Ay = |Yop| + [Fmp
ao,y am,y

[0131] Taking this orientation into account, the range rate may be presented by sensor velocity in VCS by the following
equation:

ves

vs,x

—7 =[cosOsing sinfcosep —sin@]R(@)T (vsy

vUCS

S,z

where
ves ves vesqT
[vs,x Vsy Usz

may be the velocity of sensor in Vehicle Coordinate System (VCS),
*  R(a) may be a rotation 3D matrix obtained by rotation around axes in following order: OZ, OY, OX.

[0132] To simplify calculations, the following assumptions may be reasonable:

[0133] It will be understood that the dot in the first assumption may stand for r and/or p, and/ory.
[0134] Then the rotation matrix may have the following form:

i1 Tz T3
R(@)=|T21 T2 T23
31 T32 Ts3

where:

*  r11=C0Sag - Oy SN ap
* Ny =-(singyt ap),CoS ay ) )(COS a0 - Ay p SIN o p),
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* r3y=sin Ay p+ Uy pCOS o p,

* rp=(sinagyy t ay, Cosay ) + oy COS ag |, - Ay, SIN ag  )(SIN ag p + Ay COS o p),
*  rp=(Cos ayy,- apy,sin o) - oy Asin ag - oy ,£OS ag )(Sin o + ey, p COS g p),
* 3= -0y (COS ap ;- p SIN ),

* rz=(singyy,t+ ap,cos o) - (COS o - |, SIN o (SN o + oy, COS A ),
* I35 -0y ACOS ap - oy SIN 0 ) *(SIN g, + o, COSag )(SIN g, + o COS g p),
* 33 =COS o, - Oy, SIN g .

[0135] Summing up all of these equations, the range rate equation may be written as:

ves

—T = Vg (cos@ cos @ y; +sinf cosp 1y — sin@1r3y) + v

(cos@cospry,
+sinf cos@ry, —sin@ry,)

[0136] Taking into account all detections from all radars, an optimization problem may be formulated for finding the
host velocity and radars misalignments angles (which may be similar to the 2D case as described above):

—T = h(y)

~<
Il
NN

M
where: LEm,r ]

[0137] This may be solved by a nonlinear least squares method with usage of a Gauss-Newton method, as described
above, for which the Jacobian may be provided in the following form:

oRl) M)
avps dall
= &
O, (1) ORN, (D)
| 0v, oaM
where:
Shivy

Fuves = COS 8; €08 ©i(Cay o=y, mSay. o) T8I0 85 €05 ©i(—(Say o Ty mCay o) (Capo—
. OpmSay)) —SMPi(Sa,, T OpmCayy),

oh(v) oil(s s Vs .
goves — €08 0 cos pi((Sa, ot ymCa, o) +0rm(Ca, 0 —QymSay o) (Say.0+apmCapo))+

sin 6; cos @;((ca, o —Cty,m Say.0 )= Q. m (Say,u’*‘a’y.mcciy,o )(Sap,u"'ap.mcap:@))‘i'

sin Wi(‘a‘r‘m (Cap,u — Qpm SQ,,,D))a
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Oh(r) _ — Az Sh(v) A dh{1r)

Ow avges 31’”“ ?
L]
ah :
D0 — (et — Agw)fersay, + ety (Cas , — Ghmsas )] + (057
A:z:w)[cl(c T s&%ﬁ(sa;& + f:rp,mca;:{})) - EQ(SQ;G + Cfr,m ai’,p(«sa;p +

A, mCat )H

Oh(v) _ (owes AL i (e i - VES | A N
Pal . = (v —Alju))[(?Q(lpﬂ(ba;:o—(.qum(ia;“)+(‘.3(,a;:0]+(175; -i—A.L..u)[nu,a;;Oar_m((,Cl,_z’u_
. a_] mS ) + Cjar mCa 0 (Sa’yﬁ - O‘y,mca‘y’n) + C3Qr.mCa;‘O]!

ahiv) i i
aaétf (U’ECS + A:I:w){cl (c&;ﬁ — ai’:msﬁijo)(sﬁ;n —+ &;;96{‘;,{}) — CQ(SQ;O +

ca;ﬂ)(s&;ﬁ + Qf;,mé’a;ﬂ) — Ca (CQ;’G — (X;’mé‘a;ﬂ)].

Reference numeral list

[0138]

100
102
104
106
108
110
112

150
152
154
156
158
160
162
164

200

202
204
206

300
302
304

400
402

500
502
504
506
508
510

illustration of a radar field-of-view when misaligned in azimuth and elevation
horizontal line

vertical split line

ideal facing angle

real facing angle

radar field-of-view

misalignment

illustration of a three-dimensional misalignment in azimuth, elevation, and roll
X axis

y axis

z axis

ground plane

actual boresight direction

desired field of view

actual field of view

flow diagram illustrating an overview of methods for determining alignment parameters according to various

embodiments
data acquisition
regression
filtering

illustration of a radar field-of-view after introduction of roll misalignment
illustration from the ground perspective
illustration from the sensor perspective

illustration of a radar field-of-view and a compensated field-of-view according to various embodiments
compensated field-of-view

diagram illustrating azimuth alignment error distribution according to various embodiments
horizontal axis

vertical axis

curve illustrating results for a 2 axial alignment

curve illustrating results for a 3 axial alignment NL-LS method according to various embodiments
curve illustrating results for a 3 axial alignment NL-TLS method according to various embodiments
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600
602
604
606
608
610

700
702
704
706
708

800

802
804
806

900
902
904
906
908

1000
1002
1004
1006
1008
1010
1012

1100
1102
1104
1106
1108
1110

1200
1202
1204

1300
1302
1304
1306
1308
1310
1312
1314
1316
1318
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diagram illustrating elevation alignment error distribution according to various embodiments
horizontal axis

vertical axis

curve illustrating results for a 2 axial alignment

curve illustrating results for a 3 axial alignment NL-LS method according to various embodiments
curve illustrating results for a 3 axial alignment NL-TLS method according to various embodiments

diagram illustrating roll alignment error distribution according to various embodiments

horizontal axis

vertical axis

curve illustrating results for a 3 axial alignment NL-LS method according to various embodiments
curve illustrating results for a 3 axial alignment NL-TLS method according to various embodiments

flow diagram illustrating a method for determining alignment parameters of a radar sensor according to various
embodiments

step of determining measurement data using the radar sensor

step of determining a velocity of the radar sensor

step of determining the misalignment parameters based on the measurement data and the velocity

alignment parameter estimation system according to various embodiments
measurement data determination circuit

velocity determination circuit

misalignment parameters determination circuit

connection

computer system according to various embodiments
processor

memory

non-transitory data storage

radar sensor

velocity sensor

connection

illustration of the vehicle coordinate system location
host vehicle

ground plane

rear overhang

front bumper

sprung weight centerline

illustration of a sensor coordinate system with relation to the vehicle coordinate system (VCS)
translation
rotation

illustration of detection definition in the sensor coordinate systems

sensor origin

X axis

Y axis

Z axis

detection azimuth

detection elevation

detection range

detection

projection of the line connecting the origin and the detection on the (X; Y) plane
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Claims

10.

1.

12.

13.

Computer implemented method for determining alignment parameters of a radar sensor,
the method comprising the following steps carried out by computer hardware components:

- determining measurement data using the radar sensor, the measurement data comprising a range-rate meas-
urement, an azimuth measurement, and an elevation measurement;

- determining a velocity of the radar sensor; and

- determining the misalignment parameters based on the measurement data and the velocity, the misalignment
parameters comprising an azimuth misalignment, an elevation misalignment, and a roll misalignment.

The computer implemented method of claim 1,
wherein the misalignment parameters further comprise a speed-scaling error.

The computer implemented method of at least one of claims 1 or 2, further comprising the following step carried out
by the computer hardware components:

determining system parameters, the system parameters comprising at least one of a desired azimuth mounting
angle, a desired elevation mounting angle, and a desired roll mounting angle;
wherein the misalignment parameters are determined further based on the system parameters.

The computer implemented method of at least one of claims 1 to 3,
wherein the measurement data is related to a plurality of objects external to the radar sensor.

The computer implemented method of claim 4,
wherein the plurality of objects are stationary.

The computer implemented method of at least one of claims 1 to 5,
wherein the misalignment parameters are determined based on an iterative method.

The computer implemented method of at least one of claims 1 to 6,
wherein the misalignment parameters are determined based on an optimization method.

The computer implemented method of at least one of claims 1 to 7,

wherein the misalignment parameters are determined based on a non-linearleast squares regression method; and/or
wherein the misalignment parameters are determined based on an non-linear total least squares regression method;
and/or

wherein the misalignment parameters are determined based on filtering.

The computer implemented method of at least one of claims 1 to 8,
wherein the measurement data are determined using a plurality of radar sensors.

The computer implemented method of claim 9,
wherein the velocity of the radar sensor and the misalignment parameters are determined simultaneously by solving
an optimization problem.

Computer implemented method for determining corrected measurement data,
the method comprising the following steps carried out by computer hardware components:

determining measurement data using a radar sensor,
correcting the measurement data to obtain the corrected measurement data based on misalignment parameters

determined according to the computer-implemented method of at least one of claims 1 to 10.

Computer system, the computer system comprising a plurality of computer hardware components configured to
carry out steps of the computer implemented method of at least one of claims 1 to 11.

A radar system comprising a radar sensor for which the misalignment parameters are determined according to the
computer implemented method of at least one of claims 1 to 11.
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14. A vehicle comprising the radar system of claim 13.

15. Non-transitory computer readable medium comprising instructions for carrying out the computer implemented meth-

od of at least one of claims 1 to 11.
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